Abstract-In this paper, the influence of micron grained WC additions with the different grain sizes on the microstructure and hardness of ultrafine WC-Co cemented carbides at the elevated temperature were investigated by the scanning electron microscope and mechanical properties test. The Vickers hardness and transverse rupture strength of hardmetals were measured at temperatures ranging from room temper ature to 800°C. The results show that the addition of micron sized WC particles can lead to the increase of fracture toughness and slow the decreasing of hardness at the elevated temperature. DOI: 10.3103/S1063457618010069 Keywords: WC-Co, microstructure, transverse rupture strength, high temperature hardness, fracture toughness.
INTRODUCTION
Cemented carbides have been widely used as cutting, mining, and drilling tools, as well as wear resistant parts, due to their extremely high hardness, excellent toughness and wear resistance [1, 2] . Compared to the traditional micron grained WC-Co materials, the ultrafine grained WC-Co hardmetals with the submicron or nano WC grain size can improve the hardness, strength and wear resistance of cemented carbides obviously [3, 4] . Therefore, the control and refining of WC grain on the ultrafine grained or nano crystalline WC-Co cemented carbides have been investigated for many years [5] .
The tungsten carbide cermet is a typical cutting tool, because of the perfected red hardness above the desired temperatures, and it is used as the high speed machining requires superior cutter materials. However, the microstructure evolution and WC grain sized characteristics of cemented carbides with the increasing temperature can bring about the decrease of hardness of WC-Co cemented carbides [6, 7] . In addition, with increasing temperature from 600 to 800°C, the hardness of WC-10Co (mean grain size 0.78 μm) can decrease clearly by 31 percent [8] . The decreasing of hardness may damage wear resistant of the cutting tools.
In our previous research, through the addition of Cu in WC-Co cemented carbides, and the growth of finer WC particles and the dissolution of WC hard phase can be inhibited effectively at elevated temperature. Moreover, WC-Co-Cu cemented carbides exhibit the higher hardness at elevated temperature [8] . In this paper, we developed a method to rapidly prepare a WC-Co composite powders which have the specific parti cle size distribution, and fabricated the cemented carbides with the different WC grain size distribution.
EXPERIMENTAL SECTION
The sizes of different WC are 0.2, 1, 2 and 3 mm, and the size of Co is 0.8 μm, respectively. The related parameters of experimental raw powders are shown in Table 1 . The nominal composition of the cemented car bides in this work is given in Table 2 , the 0.4 wt % VC and 0.4 wt % Cr 3 C 2 as the grain growth inhibitors were added to these alloys. The mixtures were prepared through the ball milling in anhydrous alcohol for 24 h at the milling speed of 300 r/min and the ball to powder is 2 : 1. After the ball milling, the composite powders were dried in a vacuum oven at 90°C for 4 h. At the same time, the powders were mixed with paraffins as the for mative agent. The two action pressure was adopted to make green compacts at 200 MPa. The green compacts were sintered at 1400°C for 60 min, the pressure during the whole final temperature sintering process was 5 MPa in an argon atmosphere to avoid the prominent evaporation of the cobalt during the liquid phase sin tering. After sintering, the alloys were cooled to the room temperature at a rate of 25°C/min in the vacuum sintering furnace. The alloy samples having the dimension of 30 × 5 × 5 mm were prepared for microstructural analysis and mechanical properties measurement.
The density of the sintered alloys was measured by Archimedes method. The microstructure of polished specimens was studied using an FEI Nano230 SEM equipped with energy dispersive spectroscopy (EDS). The X ray diffraction (XRD) analysis was carried out for phase identification [9] [10] [11] . The transverse rupture strength was tested by the 3 point bending method with an INSTRON3369. The hardness of all specimens were measured with an indenting load of 3 kg by HTV PHS30 at room temperature, 200, 400, 600, and 800°C after holding 10 min in the Ar atmosphere, respectively.
RESULTS AND DISCUSSION
It can be seen from Fig. 1 that the microstructure of WC Co cemented carbides with the various sized WC grains was observed using BSE mode in the SEM. Figure 2 showed the grain size distributions of WC-Co cemented carbides samples. The addition of micron sized WC powders can influence the WC particles size variation obviously. From the Fig. 1a , the alloy has the ultrafine grained WC without the micro sized WC pow ders addition. Due to the existence of grain growth inhibitor in composite powders, the abnormal growth of WC particles are not found in the alloy 1 at the final sintering temperature. From Figs. 1b and 2, with the addi tion of different coarse grain sized WC powders, the hardmetals possessed the microstructure with the micron grained WC and ultrafine grained WC synchronously.
The variations of the relative density of the sintered alloys were studied by the Archimedes method. It can be seen from Table 3 that the highest density can be obtained for the specimens with the free micron sized WC (absolute density of 14.67 g/cm 3 ). With the addition of different micro sized WC (1, 2 and 3 μm) in WC-Co cemented carbides, the density decreases from 14.63 to 14.51 g/cm 3 , respectively. This phenomenon can be explained by the sintering mechanism of WC-Co tungsten carbide, which is mainly depending on the WC particle rearrangement and dissolution precipitation process. WC particles in the liquid phase can appear the displacement phenomenon with the surface tension driving, the capillary force and viscous flow of liquid phase, which can result in the position adjustment and rearrangement of WC particle [5] . The existence of micron sized WC can impede the ultrafine WC particle rearrangement in the liquid phase, which means that the most closely arranged WC grains can hardly be achieved. In the WC dissolution process, the higher disso lution rate of ultrafine grained WC in liquid phase sintering process can achieve the excellent substance migra tion result and obtain the complete densification microstructure. However, the micron sized WC with slower dissolution velocity can inhibit the densification process through the dissolution and precipitation of WC grains [12] [13] [14] .
In order to investigate the effect of micro sized WC addition on the phases of cemented carbides, XRD analysis was performed as shown in Fig. 3 . It can be seen from Fig. 3 that the cemented carbides with different micron sized WC addition can possess the diffraction peaks of WC and f.c.c. Co phases. Table 3 shows that Figure 4 shows the effects of different temperature on the transverse rupture strength of ultrafine WC-(micron WC-Co) cemented carbides. When the binder has the same weight ratio, the WC-Co cemented car bides can significantly increase the strength of the samples at all test temperatures. This phenomenon can be explained that the average WC grain size of ultrafine WC-(micron WC-Co) alloys, as shown in Fig. 5 . Com pared with Fig. 1a , increasing the grain size of micron WC can obviously increase strength of alloys at the same temperature, and the WC grain size of alloys can increase clearly at the test temperature increase from room temperature to 800°C.
The Fig. 6 shows that the Vickers hardness values of ultrafine WC-(micron WC-Co) cemented carbides at the different test temperatures. We can find that the hardness of WC-Co cemented carbides with different micron WC powders addition can significantly decrease at the high temperature. Moreover, increasing the grain size of micron WC particles can obviously decrease the hardness of WC-Co hardmetals with the increasing temperature. Compared with the WC-10Co cemented carbides, the alloy 1 almost can increase 29 percent more than that, although alloy 4 may show similar hardness values from room to 200°C, and every specimens have higher hardness values at 800°C [8] . From the Fig. 6 , we can see that the addition of micro sized WC takes a positive effect on the hardness of WC-Co cemented carbides at high temperature. To explore the mechanism of hardness of the WC-Co cemented carbides at the high temperature in this research, the microstructure of WC-Co hardmetals with micro sized WC addition tested in different temper ature can be shown in Fig. 6 . Compared with the Fig. 1 , the WC grain size of can increase obviously with the increasing test temperature. However, the WC grain size of ultrafine WC-(micron WC-Co) alloys can increase more obvious than that of WC-Co without the micron WC powders addition, as shown in Figs. 1b,  5b, 5d . Especially, the largest WC grain size of ultrafine WC-(micron WC-Co) alloys increase form 3.1 to 4.7 μm after tested at 800°C, but the free micron WC alloy increases 0.5 to 0.6 μm. The growth of WC phase is tightly controlled within the binder phase through the W and C element diffusion process at the high tem perature. It is shown that the addition of micron sized WC powder can inhibit the redistribution and arrange ment of WC powder in a liquid phase, and the WC grain growth is easier than free micron sized WC alloy. This phenomenon can change the solid diffusion of WC in the binder phase and produce the new microstructure of hardmetals at elevated temperature.
In the high speed machining technology, the high hardness of cemented carbide at approximately 800°C is required. The WC particles can diffuse and dissolve into the binder phase, and this behavior can affect the microstructural stability. Moreover, the hardness of WC-Co cemented carbides can depend on the coarsening proportion of WC grain size, WC hard phase and binder phases at elevated temperature. Compared with the ultrafine WC-Co cemented carbides, and the addition of micron sized WC powder may significantly inhibit the decreasing of hardness in cemented carbides at elevated temperature. It can be seen from Fig. 6 , the hard ness of different samples are decrease by increasing the tested temperature.
CONCLUSIONS
In this paper, the effects of different micron sized WC additions on the microstructure and hardness of WC-Co cemented carbide have been investigated. The addition of micron sized WC particles can bring about the decrease in the absolute densities and mechanical properties of cemented carbide, and the strength of alloys are increase by the increasing tested temperature, and the hardness of different samples are decrease by the increasing tested temperature. The synthesis of ultrafine WC-(micron WC-Co) hardmetals can be suit able for the production of high quality WC-Co cemented carbides, and provide a novel method to improve the lifetime of WC-Co tools in the cutting process.
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